In mouse conceptus, two yolk-sac membranes, the parietal endoderm (PE) and visceral endoderm (VE), are involved in protecting and nourishing early-somite-stage embryos prior to the establishment of placental circulation. Both PE and VE membranes are tightly anchored to the marginal edge of the developing placental disk, in which the extraembryonic endoderm (marginal zone endoderm: ME) shows the typical flat epithelial morphology intermediate between those of PE and VE in vivo. However, the molecular characteristics and functions of the ME in mouse placentation remain unclear. Here, we show that SOX17, not SOX7, is continuously expressed in the ME cells, whereas both SOX17 and SOX7 are coexpressed in PE cells, by at least 10.5 days postconception. The Sox17-null conceptus, but not the Sox7-null one, showed the ectopic appearance of squamous VE-like epithelial cells in the presumptive ME region, together with reduced cell density and aberrant morphology of PE cells. Such aberrant ME formation in the Sox17-null extraembryonic endoderm was not rescued by the chimeric embryo replaced with the wild-type gut endoderm by the injection of wild-type ES cells into the Sox17-null blastocyst, suggesting the cell autonomous defects in the extraembryonic endoderm of Sox17-null concepti. These findings provide direct evidence of the crucial roles of SOX17 in proper formation and maintenance of the ME region, highlighting a novel entry point to understand the in vivo VE-to-PE transition in the marginal edge of developing placenta. 
Introduction
After implantation, each embryo in the rodent gastrula is surrounded by two extraembryonic endoderm layers, the visceral endoderm (VE) and the parietal endoderm (PE), inside the mother's uterus. VE cells cover the proximal parts of the extraembryonic region and provide a continuous link to the embryonic gut endoderm at the distal region of the embryonic side. In contrast, the outer PE cells are underlain by a single thick layer of basal lamina, Reichert membrane [1] [2] [3] [4] . These two endoderm layers are involved in protecting and nourishing the embryo at the maternal-fetal interface, especially before the establishment of placental circulation (approximately 10.5 days postconception [dpc] in mice). During gastrulation and organogenesis stages prior to placental establishment, two PE and VE layers are anatomically anchored and linked via the marginal zone endoderm (ME) lining along the marginal edge of the ectoplacental cone/chorionic plate of the developing placental disk [5] . The ME displays a morphology intermediate (i.e. a gradient hybrid character) between those of PE and VE cells at the junction between them. It was previously speculated that, near the ME region, VE cells may relocate to transdifferentiate into PE cells [6, 7] . However, the molecular characteristics and functions of the ME at early stages of organogenesis remain unclear [8] .
Sox17 and Sox7, two members of the Sry-related High mobility group (HMG) box gene F (SoxF) subgroup, together with Sox18, were previously shown to be activated and involved in the primitive endoderm (PrE) and its derivatives at the blastocyst stage and subsequent implantation stages [9] [10] [11] [12] . In vitro functional analyses of the role of Sox17 in the differentiation of PrE from ES cells and PrE-derived stem (XEN) cells indicated that SOX17 acts in an autoregulatory and feedforward network of the extraembryonic endoderm lineage in mice [12] [13] [14] [15] [16] . SOX17 alone is also involved in the maintenance of PrE epithelial integrity in vivo, whereas its absence leads to premature delamination and migration of PE [11] . The recovery of redundant SOX7 activity leads to the proper development of PrE, which subsequently results in proper formation of the extraembryonic endoderm layer (i.e. VE and PE) in mouse Sox17-null concepti. However, at later stages, despite Sox17 and Sox7 expression in some of the proximal extraembryonic endoderm [9] , their in vivo function during placentation remains unclear.
In this study, we examined Sox17 and Sox7 expression profiles in the proximal extraembryonic endoderm around a developmental placental disk during 7.5-10.5 dpc. Moreover, we examined and compared the phenotypes of Sox17-null and Sox7-null concepti, as well as those of Sox17-null concepti rescued by the injection of wild-type ES cells into the blastocyst in vivo. The present study provides the first in vivo evidence of the crucial roles of SOX17 in the proper formation and maintenance of the ME region adjacent to the developing placental disk.
Materials and methods

Animals and chimeric embryos
Concepti with placental disks at 7.5-10.5 dpc were obtained from pregnant Sox17 or Sox7 heterozygous female mice mated with each heterozygous male (Sox17 +/− line [9] ; Sox17 +/−(Gfp) line [17] [ Figure S1 ]). In some pregnant mothers, EdU (0.2 mg/g body weight) was intraperitoneally injected just 2 h prior to the uterine sampling. A wild-type conceptus with a placental disk was also used in this study for whole-mount in situ hybridization and immunohistochemical analyses of in vivo SOX17 and SOX7 expression profiles. Chimeric Sox17-null concepti with wild-type ES cells at 9.5 dpc were also generated by the injection of Sox17 +/+ ; Gfp + ES cells [18] into Sox17 −/− blastocysts [9] . All animal experiments were performed in strict accordance with the Guidelines for Animal Use and Experimentation as established by the University of Tokyo (approval ID: P13-763, P14-877), the Tokyo Medical and Dental University (approval ID: 0160024C2), the Central Institute for Experimental Animals (approval ID: 14050A), and the University of Utah (approval ID: 14-01003).
Loss-of-function Sox7 mutant lines established by the CRISPR/Cas9 system A pair of oligos targeting Sox7 were annealed and inserted into the BsaI site of the pDR274 vector (Addgene), as described by Hashimoto and Takemoto [19] . Cas9 mRNA and short guide RNAs targeting Sox7 were introduced into fertilized eggs collected from C57BL/6 females. Three Sox17-null lines with frame-shift mutations (4-, 28-, or 31-bp deletion just upstream of the first alpha helices of the HMG box domain, resulting in a complete lack of its HMG box domain) were established by backcrossing C57BL/6 wild-type mice (Supplemental Figure S1A) . In this study, we mainly used the 28-bp deletion line for Sox7-mutant analyses. In all these three lines, embryonic lethality was revealed in Sox7-null embryos at around 10.5 dpc, showing a typical phenotype with a lack of blood vessels in the yolk sac (Supplemental Figure S1B and C; [20] [21] [22] ). Similar to such lethal phenotypes of Sox7-null embryos, the Sox17-null embryos also showed embryonic lethality at around 10.5 dpc due to cardiovascular defects with no axis rotation (i.e. no embryonic turning; [9, 23, 24] ).
Whole-pregnant-uterus analysis and conceptus genotyping
The whole uterus, including the conceptus, placental disk, endometrium, myometrium, and perimetrium, was dissected into each two-conceptus part of the whole uterine tube, followed by direct fixing with Bouin solution or 4% paraformaldehyde-phosphate Downloaded from https://academic.oup.com/biolreprod/article-abstract/99/3/578/4961131 by OUP site access user on 04 October 2018 buffered saline (PFA-PBS) for routine preparation of serial paraffin sections (Supplemental Figure S2A and B). Each genotype of the conceptus within the uterus was evaluated by anti-SOX17 or SOX7 immunostaining. In brief, the presence (wild type or +/−) or absence (−/−) of each positive signal was monitored in the PE cells of each conceptus (Supplemental Figure S2C and D), in addition to the reference staining of anti-GFP signals for the null allele in the whole-uterus sections of the Sox17 +/−(Gfp) line. In all the wholepregnant-uterus samples, either the heterozygote/wild-type or the null genotype was also reconfirmed by the appearance or presence of the typical phenotypes of the Sox17-null embryos (no axis rotation with defective hindgut formation; see also Supplemental Figure  S2B ) or Sox7-null embryos (vascular defects in the yolk sac; see also Supplemental Figure S1B ). As for the isolated concepti including extraembryonic endoderm, the genotype of the Sox17 or Sox7 allele was analyzed by polymerase chain reaction using embryonic tissues (Sox17 as described by KanaiAzuma [9] ; Kim [17] ; Sox7 using the following primers: forward: 5 -TGG CCC GAA GCT GAT AAA TAA GGG-3 ; reverse: 5 -TAG AAT TCT TTC CGA ACA GCG TTG TCA C-3 ).
Whole-mount in situ hybridization
Whole-mount in situ hybridization of the whole concepti with placental disk was performed as described previously [9, 23] . RNA probes for Sox17 [9] , Sox7, and Sox18 [25] were used in this study. Some whole-mount stained samples were refixed in 4% PFA-PBS and then serially cryosectioned (7-8 μm in thickness).
Histology and immunohistochemistry
For paraffin sections, a whole pregnant uterus or isolated conceptus with placental disk was fixed in 4% PFA-PBS or Bouin solution for 12 h at 4
• C, dehydrated, embedded in paraffin, and then serially sectioned (4 μm in thickness). The sections were incubated with anticadherin1 (CDH1; previously known as E-cadherin) (1:400 dilution; Cell Signaling Technology), anti-GATA binding protein 6 (GATA6; 1:100 dilution; R&D Systems), anti-GFP (1:200 dilution; MBL), anti-hepatic nuclear factor 4, alpha (HNF4a; 1:400 dilution; Santa Cruz Biotechnology), anti-SOX17 (1:200 dilution; R&D Systems), anti-SOX7 (1:200 dilution; R&D Systems), or anti-phosphorylatedezrin/radixin/moesin (p-ERM) antibody (1/100 dilution; Cell Signaling Technology; Supplementary Table1). Finally, the immunoreaction was visualized using biotin-conjugated secondary antibody in combination with an ABC Kit (Vector Laboratories; brown staining) or using secondary antibodies conjugated with Alexa-488/594 (green/red fluorescence). For plastic semithin sections, placental tissues with PE and VE layers were fixed in 2.5% glutaraldehyde/0.1 M phosphate buffer (PB) for 4 h at 4
• C. After washing with phosphate-buffered saline (PBS), they were postfixed in 1% OsO 4 in 0.1 M PB for 2 h at 4 • C. Then, they were dehydrated and embedded in EPON812, and semi-thin sections (1 μm in thickness) were stained with toluidine blue.
Morphometric and cell proliferation assays
In the stained sections including the maximum placental area of whole-uterus samples (9.5 dpc; more than three sections including maximum placental area per conceptus), the numbers of epithelial endoderm cells just beneath the placental disk (except for the PE cells) were separately calculated in the Sox17/Sox7-null conceptus and its wild-type/heterozygote (normal) littermates within the uterus. Moreover, random images of the PE region were obtained in the HE-stained sections of whole-uterus samples, and then both the number of PE cells and the length of Reichert membrane were calculated using ImageJ 1.48V software (National Institutes of Health, Bethesda, MD) to determine the density of PE cells (cell number per mm length) in each genotype. To analyze the proliferative activity, the EdU-positive indices of VE and PE cells were also estimated in Sox17-null and wild-type/heterozygote (normal) concepti.
Statistical analysis
Quantitative data (i.e. cell numbers, EdU-positive indices, and cell process numbers) are presented as the mean ± SEM (standard error of the mean). Statistical significance was calculated using Student t-test, and a p-value of 0.05 or less was used to define statistical significance for each analysis.
Results
Sox17 expression is continuously maintained in the ME anchoring to the developing placental disk
The PE and VE are continuously connected via the ME at the proximal site underneath the marginal edge of the trophectoderm-derived placental primordium of the ectoplacental cone/chorionic plate [5] .
To define the region of Sox17 expression in the extraembryonic endoderm, we first examined the spatiotemporal pattern of Sox17 expression in wild-type concepti by whole-mount in situ hybridization during 7.5-9.5 dpc ( Figure 1 ). Strong Sox17-positive signals were detectable in the PE and proximal VE regions directly facing the ectoplacental region (bar in Figure 1A ), as well as in the anterior definitive endoderm (red star in Figure 1A and B). In early-to-late somite stages, such Sox17 signals in the proximal VE region were restricted to ME at the junction between the VE and PE facing the chorionic plate ( Figure 1C and D). High Sox17 signals were maintained in the ME and PE regions at and after 9.5 dpc ( Figure 1E and F, and figure not shown). In contrast, in the VE region, Sox17-positive signals were clearly reduced to an undetectable level in a distal-toproximal manner in the VE region during 7.5-9.5 dpc (lower left insets in Figure 1D and F). These findings suggest that Sox17 expression is continuously maintained in the ME and PE by the late organogenic stages. On the other hand, Sox7-positive signals were detected in the ME and PE regions but not in the distal VE region ( Figure 1G and H), showing similarity to the Sox17 expression profile ( Figure 1C and D). No Sox18-positive signals were detectable in the extraembryonic endoderm, VE, ME, or PE ( Figure 1I and J), although its positive signals, as well as those of Sox17 and Sox7, were found in the developing vasculature of the allantois ("AL" in Figure 1C , D, and G-J). Such coexpression profiles of Sox17 and Sox7 in the extraembryonic endoderm are consistent with previous data obtained at the early stages of gastrulation [9, 11] .
Comparative immunohistochemistry using anti-SOX17 and anti-SOX7 antibodies confirmed the coexpression of SOX17 and SOX7 in the PE at 7.5-10.5 dpc (Figures 2A-D) . Neither SOX17-nor SOX7-positive signals were detectable in the distal VE region, which is consistent with the present in situ hybridization data ( Figure. 1) . Interestingly, the intensity of the SOX17-positive signals in the proximal VE region including the ME was similar to that in the PE within the same conceptus (broken lines in upper plates in Figure 2A-D) . In contrast, the intensities of the SOX7 signals appeared lower in the proximal VE and ME regions than in the PE region at 7.5 dpc, and these signals were then clearly reduced in intensity in the ME region (C, D), and 9.5 dpc (E, F). The expression patterns of Sox7 and Sox18 at 8.5 dpc are also shown in G-J. Plates A, C, E, G, and I show whole-mount views of the conceptus with the developing placental disk. Plates B, D, F, H, and J display sagittal sectioning views of whole-mount stained concepti (insets, higher magnification images of PE, VE, and ME). Arrows mark both ends of the Sox17-positive ME region. Faint and bold broken lines indicate the VE and PE regions, respectively. Asterisks, nonspecific staining; AL, allantois; CP, chorionic plate; EPC, ectoplacental cone; ME, marginal zone endoderm; PE, parietal endoderm; PL, placental disk; VE, visceral endoderm. Bar, 50 μm.
at and after 8.5 dpc (lower plates in Figure 2A-D) . These findings indicate that there is predominant SOX17 expression in the ME region at and after 8.5 dpc in addition to coexpression of SOX17 and SOX7 in PE cells at least by placental establishment ( Figure 2E ).
Aberrant morphology of the extraembryonic endoderm of the presumptive ME region in Sox17-null conceptus First, we examined the morphological phenotypes of the proximal extraembryonic endoderm (VE, ME, and PE) of the Sox17-null conceptus isolated at 8.5-9.5 dpc (Figure 3 ). Since the PE and ME regions are frequently damaged in conventional isolation of the conceptus, we carried out serial sectioning analyses of wholepregnant-uterus samples without any isolation of each conceptus in combination with genotyping by anti-SOX17 immunohistochemistry (Supplemental Figure S2) .
In Sox17-null concepti at 8.5 dpc, HE staining revealed no appreciable histological defects in the extraembryonic endoderm of the VE, ME, and PE regions (control, n = 5; Sox17-null, n = 3; Figure 3A and B). The findings showed that, in both genotypes, proximal ME cells exhibited morphological characteristics intermediate between those of the VE and PE (inset of Figure 3A and B), in addition to widely spaced squamous cells in the PE region, even in Sox17-null concepti. In the wild-type and heterozygous concepti at 9.5 dpc, the proximal ME cells displayed hybrid VE/PE morphological characteristics at the junction between the PE and VE (inset in Figure 3C and E), which is consistent with the findings of previous morphological studies [5, 6] . Interestingly, in the Sox17-null littermates at 9.5 dpc, the prospective ME region significantly expanded toward the PE region (number of epithelial cells underneath the placental disk: 4.7 ± 1.3 cells in wild-type/heterozygote mutants versus 11.8 ± 1.6 cells in Sox17-null mutants; p < 0.01; control, n = 4; Sox17-null, n = 4), in which the ME cells displayed VE-like epithelial cell characteristics with cytoplasmic vacuole within the PE region (inset in Figure 3D and F). Moreover, in some severe cases, an ectopic VE-like epithelial cell patch was detectable in the PE region far from the marginal region (Supplemental Figure S3) . The laminin-positive Reichert membrane underneath this ectopic GFP (SOX17)-positive epithelial cell patch was specifically thin in the PE region (Supplemental Figure S3 ), which is also consistent with the present findings showing aberrant expansion of the ME region in Sox17-null concepti.
VE-like characteristics in the presumptive ME region of Sox17-null but not Sox7-null concepti Because the co-expression of Sox17 and Sox7 in the ME regions is observed by at least 7.5 dpc (Figure 2E ), we established Sox7 heterozygote lines with a loss-of-function mutation using the CRISPR/Cas9 system and comparatively examined the phenotypes of the proximal extraembryonic endoderm adjacent to the placental disk in Sox17-null and Sox7-null concepti.
In wild-type concepti, the extraembryonic endoderm in the ME region, as well as the PE region, was negative for antihepatic nuclear factor 4, alpha (HNF4a; a VE marker) staining ( Figure 4A and D) . Moreover, at 9.5 dpc, the proximal VE region near the placental disk showed a lack or lower levels of HNF4a-positive signals, which is in sharp contrast to the high HNF4a expression in the distal VE region in the same wild-type conceptus. Such restricted HNF4a expression profiles in the distal VE region were very similar to those in the Sox7-null concepti ( Figure 4C and F) . In Sox17-null concepti, HNF4a-positive signals appeared to be increased in the ME region Figure 3 . Ectopic appearance of VE-like epithelial cells in the ME region of Sox17-null concepti. HE staining (A-D) and toluidine-blue staining (E and F) of the VE, ME, and PE around the developing placental disk in the Sox17-null concepti; no appreciable histological defects can be observed in E8.5 (A and B), but an ectopic appearance of the VE-like epithelial cell layer can be seen in the presumptive ME region in E9.5 (C-F). Insets show higher magnification images of the proximal extraembryonic endoderm including the ME adjacent to the placental disk. Arrowheads mark the border of the PE and ME. CP, chorionic plate; PE, parietal endoderm; PL, placental disk; VE, visceral endoderm. Bar, 50 μm. even at 8.5 dpc (control, n = 6; Sox17-null, n = 7; Sox7-null, n = 3; Figure 4B ), albeit with no appreciable histological defects at this stage ( Figure 3A and B) . This HNF4a-positive domain was found to expand widely toward the PE and VE regions at 9.5 dpc (broken line and asterisk in Figure 4E ), which is in sharp contrast to the restricted HNF4a-positive signals in only the distal VE region of Sox7-null concepti (control, n = 5; Sox17-null, n = 5; Sox7-null, n = 3; Figure 4F ). Anti-CDH1 (an epithelial polarity marker) and antiphosphorylated-ezrin/radixin/moesin (p-ERM; an epithelial microvillus marker) staining confirmed their positive signals in the endoderm cells throughout the VE region; this was in contrast to their lack of expression in the PE region in the wild-type and Sox7-null concepti (control, n = 3; Sox17-null, n = 3; Sox7-null, n = 3; Figure 4G, I , J, and L). In Sox17-null concepti, CDH1/p-ERM-positive epithelial-like cells appeared to expand toward the presumptive PE region (broken lines in Figure 4H and K), and this was in contrast to those in wild-type and Sox7-null ones.
In all of the three (wild type, Sox17-null, and Sox7-null) concepti, the PE cells were positive for anti-GATA binding protein 6 (GATA6) staining ( Figure 4M-R) . Several ME cells showed considerable, albeit weak, positivity for anti-GATA6 staining, especially in the region close to the PE region in the wild-type ( Figure 4M and P) Figure 4 . Immunohistochemical analyses of the expression profiles of VE and PE markers in the ME region of Sox17-or Sox7-null concepti. Comparative expression profiles of VE (HNF4a, CDH1 [an epithelial cell polarity marker], and p-ERM [an epithelial microvillus marker]) and PE (GATA6) markers using serial sections of the ME region of the wild-type/heterozygote (left column; A, D, G, J, M, P), Sox17-null (middle column; B, E, H, K, N, Q), and Sox7-null concepti (right column; C, F, I, L, O, R). Arrowheads mark the proximal end of the PE region, whereas broken lines indicate the presumptive ME region adjacent to placental tissues. Insets show higher magnification images of the ME region. CP, chorionic plate; PE, parietal endoderm; VE, visceral endoderm. Bar, 50 μm.
and Sox7-null concepti (Figure 4O and R) . Interestingly, the Sox17-null concepti showed high levels of GATA6 expression in PE cells, but no detectable GATA6-positive signals were observed in the ME region (control, n = 3; Sox17-null, n = 3; Sox7-null, n = 3; Figure  4N and Q). These findings indicate that the ME cells were originally in an HNF4a-negative/GATA6-low state in wild-type concepti and that they were widely replaced by HNF4a-high/GATA6-negative epithelial cells similar to those in the distal VE region in Sox17-null ones.
Aberrant ME phenotypes of Sox17-null concepti could not be rescued by injection of Sox17 +/+ ES cells into blastocysts Sox17-null concepti showed deficiency of gut endoderm and the lack of axis rotation, and died by 10.5 dpc. To examine the possible contribution of defective gut endoderm formation to aberrant ME phenotypes of Sox17-null concepti [9, 24, 26] , wild-type ES cells were injected into Sox17-null blastocysts, and then the phenotypes of the Sox17-null concepti including Sox17 −/− < − > wild-type (GFP) chimeric embryos were analyzed ( Figure 5A ). Among a total of 27 concepti, we successfully obtained one chimeric conceptus with proper embryonic turning of the body trunk that occurred together with the high contribution of wild-type ES-derived (GFP + ) gut endoderm ( Figure 5C and E). The Sox17 −/− < − > wild-type (GFP) chimeric embryo showed a moderate contribution of Sox17 +/+ ES (GFP + ) cells to embryonic tissues, including the GFP + hindgut epithelium (lower right inset in Figure 5C ), with no contribution of the GFP-positive ES cells to the extraembryonic endoderm layers (upper left inset in Figure 5C ). Anti-HNF4a and anti-GFP immunostaining revealed ectopic HNF4a expression in GFP-negative ME and proximal VE regions in this conceptus ( Figure 5E ), which is in contrast to the lack of HNF4a expression in those of the control Sox17 +/− < − > wild-type (GFP) chimeric concepti ( Figure 5B and D) . Although there was a milder phenotype in the ME region (i.e. ectopic expansion of the VE-like region) in this chimeric conceptus, we concluded that there was no appreciable recovery of the defective Sox17-null phenotype in the ME region upon rescue of the chimeric embryo by the injection of wild-type ES cells into the blastocyst.
Mild defects in cell proliferation and shape in PE cells of Sox17-null concepti
The density of PE cells in Sox17-null concepti was compared with that in their wild-type/heterozygous littermates by using sections of the whole uterus ( Figure 6A ). At 8.0 dpc, the relative number of PE cells per Reichert membrane length showed no significant differences in the PE region between the Sox17-null and wildtype/heterozygous littermates. However, at 8.5 dpc, the relative PE cell number was significantly, albeit slightly, reduced in the Sox17-null concepti compared with the level in wild-type/heterozygous littermates (p < 0.05; middle bars in Figure 6A ). This is in contrast to the lack of appreciable changes in the cell density of Sox7-null and wild-type/heterozygous littermates (right column in Figure 6A ). EdU-positive indices in PE cells, but not in VE cells, were also reduced in Sox17-null concepti compared with the level in the wildtype/heterozygote littermates, at 8.5 dpc ( Figure 6B ). Finally, PE cells with Reichert membrane were isolated from the Sox17-null (Gfp/Gfp) and Sox17-heterozygote (Gfp/+) concepti, and their cell shapes were then examined and compared under a fluorescent microscope (Figure 6C and D) . The Sox17-null PE cells showed spreading cell shapes in contrast to the round shape of heterozygote PE cells. Morphometric analyses confirmed a significant increase in the number of cell processes of PE cells in Sox17-null concepti compared with that in normal (heterozygote) ones (p < 0.05; n = 4). These findings indicate the presence of mild but clear defects in PE cells, as well as in ME cells, in Sox17-null concepti.
Discussion
Several previous studies demonstrated the coexpression of SOX17 and SOX7 in PrE and its derivatives, PE and VE, at least by the late stages of gastrulation (∼7.75 dpc; [9, 11] ). The present study extended these previous findings to the expression profiles at later stages and demonstrated that SOX17, but not SOX7, is continuously expressed in the ME adjacent to the developing placental disk (Figures 1 and 2) . Moreover, the present study revealed that the ME region of Sox17-null concepti displays an ectopic and aberrant expansion of VE-like epithelia along the marginal edge of the developing placental disk at and after 8.5 dpc, which is in sharp contrast to the lack of appreciable defects in the ME region of Sox7-null concepti at the same stage. These findings indicate that Sox17, not Sox7, plays a crucial role in the proper formation and/or maintenance of the ME region in mouse placental formation.
The marginal extraembryonic endoderm adjacent to the developing placental disk shows a gradient hybrid character of PE/VE cell morphology at the junction between them [6] . In the narrow ME region, VE-like cells are located at the most VE side, whereas PE-like cells are seen at the most PE side; there is a gradient of alteration of each cell morphology from the VE to the PE in the intermediate region ( [6] ; Figure 3E ). This gradient hybrid character of ME may be explained by the gradated expression of SOX17/SOX7/GATA6 signals in this region ( Figures 2 and 4 M-O, Supplemental Figure  S2C ) in addition to a reduction in and/or lack of HNF4a signals in the proximal VE region in the wild-type concepti ( Figure 4A-F) .
By using in vitro experiments on the extraembryonic endoderm, it was previously shown that isolated VE cells directly contacting with extraembryonic ectoderm at early gastrulation stages were able to undergo morphological transformation from VE to PE-like cells in vitro [7] , suggesting the possible maintenance of the capacity to perform VE-to-PE conversion in early-stage VE cells [7] . Interestingly, it has been reported that such VE-to-PE transdifferentiation potency rapidly decreased in the distal VE region during 7.5-8.5 dpc, if the VE has been kept lined with extraembryonic mesoderm [7] , leading to a distal-to-proximal loss of the transdifferentiation potency in the VE region during this period. In the present study, SOX17 expression was observed in a wider part of the proximal extraembryonic VE region at 6.5-7.5 dpc, but this expression rapidly became restricted to the proximal site of the VE (i.e. ME) by 8.5 dpc. These findings imply that such a loss of VE-to-PE transdifferentiation potency in the extraembryonic VE region may be positively associated with the reduction of SOX17 expression in a distal-to-proximal manner after 7.5 dpc in vivo. It was previously reported that SOX17 was able to repress Hnf4a expression level through the actions of its direct target gene, Zfp202, in F9 endoderm differentiation [27] . Furthermore, it has been reported that HNF4a orchestrates the expression of cell junction and adhesion proteins including CDH1 in the epithelialization of the hepatocyte [28] . From these preceding studies, SOX17 appears to negatively regulate the epithelial polarization of the extraembryonic endoderm partially through the repression of HNF4a expression, which subsequently leads to the VE to PE transdifferentiation in the ME region. and Sox17 − /− (C) chimeric embryos. In C, the Sox17 −/− < − > wild-type chimeric embryo displays proper embryonic turning together with a high contribution of GFP + wild-type cells to the hindgut endoderm (lower right inset in C). Neither chimeric conceptus showed a contribution of GFP + wild-type cells to the VE, ME, or PE (upper inset in the top plate of B, C; GFP plates in D, E). No appreciable defects were detectable in the ME region of the control (D). hg, hind gut; ht, heart; nt, neural tube; PE, parietal endoderm; PL, placental disk; VE, visceral endoderm. Arrows head mark the borders of the ME. Bar, 50 μm.
The ME cells did not appear to proliferate actively compared with the VE and PE cells at 8.5 dpc ( [8] ; our unpublished data), suggesting that they are a minor source of the supply of the extraembryonic endoderm cells of the PE and VE. However, it was previously speculated that the proximal VE cells may relocate toward the PE side via the marginal zone, which results in their partial contribution to PE cells at the gastrulation stage [6, 7] . This is also consistent with previous labeling tracing data showing the tendency of proximal VE cells to migrate in the proximal direction (toward the placental disk) in whole-embryo culture [29] .
In the Sox17-null concepti, the ME region appeared to expand toward the PE side ( Figures 3D and 4E) . In certain severe cases, VE-like epithelial cell patches were ectopically found within the PE region (Supplemental Figure S3) . Artus [11] demonstrated that aberrant immature PE cells relocated from the inner cell mass region to the TE side in the 3-day culture of Sox17-null blastocysts, similar to the aberrant spreading of the cell shapes of Sox17-null PE cells on Reichert membrane (Figure 6C and D) . With regard to these findings, it is possible that, even at later stages of organogenesis, SOX17-positive ME cells relocate and contribute to PE cells near the chorionic plate and that such aberrant formation of VE-like epithelia may be caused by defects in VE-to-PE transformation in the ME region of Sox17-null concepti. Interestingly, the ME region was previously shown to contribute to the intraplacental yolk sac, a tissue crucial for showing the phenotypes of the ME region in the Sox7-null concepti during placental development. ME cells were originally in an HNF4a-negative/GATA6-low (light blue) state in wild-type and Sox7-null concepti, whereas they were widely replaced by HNF4a-high (red)/GATA6-negative epithelial cells, similar to those in the distal VE region. GATA6-positive PE cells are colored dark blue, whereas epithelial cells are decorated with apical microvilli. PE, parietal endoderm; PL, placental disk; VE, visceral endoderm. Bar, 50 μm.
maternal-fetal calcium transport, throughout pregnancy ( [30] ; and references therein). Further studies on the roles of SOX17 and SOX7 in the ME region and its derivatives are required to obtain a better understanding of the function and biological significance of this region in mouse placentation.
In conclusion, the present study is the first to demonstrate a crucial role of SOX17 in the formation and maintenance of the ME with a gradient hybrid character of PE/VE cell morphology at the junction between two yolk-sac membranes. It also provides important molecular and cellular insights into the regionalized VE-PE transition in the marginal edge of developing mouse placenta in vivo.
Supplementary data
Supplementary data are available at BIOLRE online. littermates and their isolated embryos at 10.5 dpc. Sox7-null conceptus showed the typical phenotypes of a lack of large blood vessels in the yolk sac (B) and severe embryonic growth retardation (C). Bar, 1mm. D) . In all of the wholepregnant-uterus samples, either the heterozygote/wild-type or the null genotype was also reconfirmed by the absence or presence of the typical phenotypes of the Sox17-null (no axis rotation; see also the embryo on the right side in B) or Sox7-null embryos (growthretarded embryos with no large blood vessels). PE, parietal endoderm; VE, visceral endoderm. Bar, 50 μm. Arrows mark the borders of the expanded ME region. ME, marginal zone endoderm; PE, parietal endoderm; PL, placental disk; VE, visceral endoderm. Bar, 50 μm. Supplementary Table 1 List of antibodies used in this study
